
1 Introduction
Direct formic acid fuel cell (DFAFC) has at-

tracted much attention for portable application due
to its high energy density, facile power-system inte-
gration, nontoxic, and convenient storage and trans-
port of liquid formic acid [1-3]. For the DFAFCs, Pd-
based nanostructured materials have been common-
ly used as anode catalysts; generally because of their
high catalytic activity for formic acid oxidation, but
also because of lower cost and greater abundance
than Pt [4]. Recent studies have shown that Pd is an
efficient catalyst for formic acid oxidation to final
product CO2 through a 野direct pathway冶, which
could overcome the (CO)ad poisoning effect and
thereby yield a high performance in a DFAFC [4].

However, the very limited durability of Pd-based
catalysts for formic acid oxidation has seriously re-
stricted the practical application of the DFAFC.
Therefore, synthesis of modified Pd based nanocata-
lysts with improved durability for formic acid oxida-
tion still remains a big challenge.

Several strategies have been utilized for the
modification of the Pd to enhance the durability of
the catalyst for formic acid oxidation. Generally, the
modification of the Pd by a second metal would re-
sult in an improved performance due to synergistic
effect and to the change in electronic structure in the
surface coordination unsaturated atoms (CUS). For
example, Wang et al reported a PdCo/C catalyst
with the improved activity and durability relative to
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their as-prepared Pd/C [5]. Haan and his colleagues
prepared a novel PdSb nanostructured catalyst that
exhibits enhanced durability over the Pd/C during
the electrocatalytic oxidation of formic acid[6]. Theo-
ry investigation based on density functional theory
by N覬rskov et al. also suggests that the modification
of Pd by the other transition metals will lead to a
variation in d-band center, and thus the electrocatalyt-
ic properties would be improved significantly [7-8].
Furthermore, the modification of Pd by Ni would
lead to the decrease in d-band center, which will im-
prove the CO-tolerance[8-9].

In this work, aiming at the improved durability
for formic acid oxidation, the heterostructured cata-
lyst of Pd decorated on the surface of Ni nanoparti-
cles was prepared. Its electrocatalysis for formic
acid oxidation was investigated and compared with
that of Pd nanoparticles. The formation of het-
erostructure and the effect of electronic structure on
formic acid oxidation will be discussed in detail.

2 Experimental
The Pd/Ni catalyst was synthesized by a

two-step reduction route under the protection of
high-purity nitrogen in an iced bath. Firstly, 8 mL of
0.2 mol窑L-1 Ni(NO3)2, 5 mL of 64 mmol窑L-1 sodium
citrate and 50 mL of ultra-pure water were mixed
ultrasonically for 15 min. Then, 10 mL of 1.6 mol窑
L-1 NaBH4 solution was added into the above mix-
ture at a rate of 20 mL窑h-1 under vigorous stirring,
leading to the formation of Ni nanoparticles. In sec-
ond step, both 20 mL of 40 mmol窑L-1Na2PdCl4 solu-
tion and 20 mL of 0.16 mol窑L-1 NaBH4 solution
were synchronously added into the solution of Ni
nanoparticles at a rate of 20 mL窑h-1. The mixture
was stirred for another 60 min. Then, the resultant
ca talyst was filtrated and washed with ultra-pure
water for more than three times. For the preparation
of Pd nanoparticles, only the second step was per-
formed.

XRD measurements were conducted using a
Bruke D8 Advanced XRD diffractometer with Cu
K琢1

radiation (姿 = 0.154 06 nm). The tube voltage
was maintained at 40 kV and the tube current at 100

mA. Diffraction patterns were collected at a
scanning rate of 2°窑min-1 and a step size of 0.02 °.
The morphology of the catalysts was characterized
using a JEOL JEM-2100F TEM with an energy-dis-
persive X-ray spectroscopy (EDS) detector operated
at 200 kV. The samples were prepared by ultrasoni-
cally suspending catalyst power in ethanol. A drop
of suspension was then placed onto a holey copper
grid and dried under air. The analysis of the atomic
composition of the catalyst was performed with an
IRIS advantage inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

Electrochemical experiments were carried out
using Solartron Electrochemical Interface SI1287
with a standard three-electrode cell. 10 mg of the
catalyst, 0.5 mL of 5wt.% Nafion solution, and 2.5
mL of ultrapure water were mixed ultrasonically to
form the catalyst ink. Subsequently, 3 滋L of such a
mixture was transferred onto the surface of glassy
carbon (GC, 3 mm in diameter) electrode. The elec-
trolyte used was 0.5 mol窑L-1 H2SO4 or 0.5 mol窑L-1

H2SO4+ 0.5 mol窑L-1 HCOOH solution. High purity
nitrogen was introduced for the deaeration of the so-
lutions. To determine the real electrochemical sur-
face area (ECSA) of the catalyst, cyclic voltammo-
grams (CVs) and CO-stripping voltammograms
were conducted. For the CO-stripping, CO was
pre-adsorbed at an open circuit potential for 30 min
by bubbling CO into 0.5 mol窑L-1 H2SO4 solution,
and then CO dissolved in solution was subsequently
removed by purging high-purity N2 for 30 min. In all
cases, electrochemical measurements were conduct-
ed at a temperature of 渊25 依 1冤 益.

3 Results and Discussion
Morphologies of the Pd/Ni and Pd nanoparti-

cles were investigated using TEM technology. Fig.
1A indicates that the Pd/Ni is a nanostructured ma-
terial with an average particle size of ca. 5.1 nm
based on the observation of more than 100 isolated
particles. In contrast, the mean particle size of pure
Pd nanoparticles is ca. 4.8 nm, as estimated from
Fig. 1B. From the Fig. 1A and 1B, one can observe
a serious aggregation for both the Pd/Ni and Pd
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nanoparticles. High-resolution TEM image in Fig.
1C demonstrates that the Pd/Ni nanocomposite is
composed of two parts, as lined out with green and
red frames. The observed result is fully repeatable.
A farther investigation using EDS indicates that the
two parts are pure Pd and Ni, respectively, as shown
in Fig. 1D and 1E, clearly demonstrating the forma-
tion of the heterostructured Pd/Ni nanocomposites.
The conclusion is confirmed by the results with se-
lected area electron diffraction (SAED), as can be
seen in Fig. 1D and 1E. The appearance of Ni ele-
ment in the Pd parts, as well as the appearance of Pd
element in the Ni parts, may be due to Kirkendall
effect, which results in atoms diffusion in the junc-
tions of the particles. The heterostructure formation
may be due to an inherent lattice mismatch between

Pd and Ni[10]. Once the reduction reaction of PdCl4
2-

ions occurs, the Pd atoms prefer to the epitaxial
growing on the surface of the Ni nanoparticles,
rather than self-nucleation, owing to a lower Gibbs
free energy for the growth than nucleation[11]. Subse-
quently, because of a large lattice mismatch between
Pd and Ni, the Gibbs free energy for the growth on
the Pd is lower than that on the Ni, and then the Pd
atoms will continue to grow on the surface of the
formed Pd. Finally, the atomic ratio of the Pd/Ni is
very close to 1:2, as confirmed by ICP-AES tech-
niques.

Fig. 1 TEM images of the Pd (A) and Pd/Ni (B) catalysts,
HR-TEM image of the Pd/Ni catalyst (C), and EDS
with corresponding SEAD results from separated parts
of a single Pd/Ni nanoparticle (D and E).

Fig. 2 shows the XRD patterns of the Pd/Ni and
Pd catalysts. For a comparison, the diffraction peaks
of both metallic Pd (JCPDF Card No. 87-0641) and
Ni (JCPDF Card No. 65-2865) are also given in the
Fig. 2, corresponding to the blue dash and red dot
lines, respectively. Both prepared samples exhibit a
typical characteristic diffraction patterns of the Pd
fcc structure [12-13]. No remarkable diffraction peaks,
assigned as metallic Ni, were observed, indicating
that the Pd/Ni composites also have a single fcc
structure. Such a conclusion is not in agreement
with TEM results, probably due to a weaker diffrac-
tion intensity of the Ni and overlapping by that of
Pd. In addition, the diffraction peak located at ca. 30o

can be ascribed to the Pd oxides for the Pd nanopar-
ticles[4]. The average particle sizes for the Pd/Ni and
Pd nanoparticles, as calculated from the diffraction
peak (220) using Scherrer爷s equation, are 4.4 and
4.1 nm, respectively. The obtained values are slight-
ly smaller than that by TEM. The estimated mean
particle size of the Ni nanoparticles before Pd reduc-
tion is ca. 3 nm by using Scherrer爷s equation, indi-
cating that the mean thickness of Pd in the Pd/Ni
nanocomposites is ca. 1.4 nm.

Fig. 3 presents the CVs and the CO-stripping
profiles of the Pd/Ni and Pd catalysts, and all of the
currents were normalized to the ECSAsH or ECSAsCO.
As can be seen in Fig. 3A, both catalysts show the

Fig. 2 XRD patterns of the as-prepared Pd/Ni and Pd nanocat-
alysts. The blue dash and magenta dot lines are the
diffraction lines of the metallic Pd and the Ni from
JCPDF cards 87-0641 and 65-2865, respectively.
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typical hydrogen adsorption/desorption region of the
Pd. By calculating hydrogen desorption region area,
the specific ECSAsH can be estimated as 3.50 and
10.08 m2窑g-1 for the Pd/Ni and Pd nanoparticles, re-
spectively. Similarly, the specific ECSAsCO calculat-
ed from CO oxidation peak in Fig. 3B are 3.82 and
11.17 m2窑g-1 for the Pd/Ni and Pd catalysts. Interest-
ingly, the CO oxidation peak on the Pd/Ni shifts
negatively relative to that on the Pd nanoparticles,
probably revealing that the CO-like species, pro-
duced during the formic acid oxidation, can be re-
moved more easily. This can be ascribed to the
change in the electronic structure, probably caused
by the Ni atoms diffusion into the Pd at the Pd/Ni
junctions. Normally, the down-shift of the d-band
center implies less electrons in the 4d orbit of the
CUS Pd can be back-donated to the 2仔* orbit of
(CO)ad. Thus, the bonds formed between CO and the
CUS surface Pd atoms on the Pd/Ni are weaker than
that on the Pd. Consequently, the Pd/Ni exhibits an
enhanced CO-tolerance[8-9,14].

The electrocatalytic activity of formic acid oxi-
dation on both the catalysts was evaluated in 0.5
mol窑L-1 HCOOH + 0.5 mol窑L-1 H2SO4 solution, and
the current was normalized to the ECSAsCO. From
Fig. 4A, one can see that the peaks of the oxidation
currents on the Pd/Ni are higher than that on the Pd,
indicating that the electrocat alytic activity on the
Pd/Ni is higher than that on pure Pd nanoparticles.

Furthermore, the durability of the Pd/Ni catalyst to-
ward the formic acid oxidation is much enhanced
over the Pd nanoparticles. As seen in Fig. 4B, the
oxidation current on the Pd/Ni decays by ca. 56.3%
after ca. 30 min polarization, whereas the oxidation
current on the Pd catalyst decays by ca. 96.5%. Two
reasons might account for the improved catalytic ac-
tivity and durability of the Pd/Ni for formic acid oxi-
dation. At first, the variation of the electronic struc-
ture in the CUS atoms leads to an enhancement in
CO-tolerance, verified by CO stripping. Secondly,
the dissolution of the Ni species within the Pd/Ni
nanocomposites, as confirmed by ICP-AES, may
prevent the Pd atoms from corrosion since the stan-

dard potential of the PdCl4
2-
/Pd (0.591 V, vs. SHE)

is higher than that of the Ni2+/Ni (-0.257 V, vs.
SHE ) [15]. In reproducible measurements, 100 mL of
the electrolyte was collected and evaporated to ob-
tain 10 mL of the solution. The concentrations of
Pd2+ ions in the electrolyte are 0.251 and 0.426 mg窑L-1

after being polarized for 900 and 1800 s for the
Pd/GC, respectively. For a comparison, the concen-
trations of Pd2+ ions for the Pd/Ni GC are 0.152 and
0.201 mg窑L-1, and the Ni2+ ions were 0.307 and
0.427 mg窑L-1. Therefore, the Pd/Ni ratio on the GC
after being test for 30 min is 4.1:1, estimated from
the ICP-AES results.

4 Conlusions
In summary, the Pd/Ni heterostructured catalyst

Fig. 3 CVs and CO-stripping voltammograms at a scan rate of 20 mV窑s-1 in 0.5 mol窑L-1 H2SO4. The current densities are normalized
to ECSAsH in Fig. 3A and to ECSAsCO in Fig. 3B.
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Fig. 4 CVs at a scan rate of 50 mV窑s-1 and CA curves at a given potential of 0.16 V vs. SCE for formic acid oxidation on the Pd and
Pd/Ni catalysts in 0.5 mol窑L-1 HCOOH + 0.5 mol窑L-1 H2SO4. The current densities are normalized to the ECSAsCO of the
catalysts.

was successfully synthesized via a two-step reduc-
tion procedure. The electrocatalytic activity of
formic acid oxidation on the heterostructured Pd/Ni
is higher than that on pure Pd nanoparticles, and the
durability of the Pd/Ni catalyst is greatly enhanced.
The change in electronic structure of the surface
CUS Pd atoms and the possible dissolution of the Ni
species from the Pd/Ni heterostructure may account
for such an improved catalytic activity and durabili-
ty for the oxidation of formic acid.
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Pd/Ni异结构纳米催化剂的制备及其对甲酸氧化的电催化
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摘要院通过两步还原法制备了 Pd/Ni 双金属催化剂.由于金属 Pd原子在先行还原的 Ni 纳米粒子表面的外延生长

以及其在 Ni 表面和 Pd表面生长表现出的吉布斯自由能差异袁最终导致了异结构 Pd/Ni 纳米粒子的形成.高分辨

电子透射显微镜结果证实了异结构的存在袁然而 X射线衍射测量表明 Pd/Ni 纳米粒子具有类似于 Pd的面心立方

结构.制备的 Pd/Ni 纳米粒子与同等条件下合成的 Pd纳米粒子相比袁对甲酸氧化呈现了更高的电催化活性袁而且

电催化稳定性也要明显优于纯 Pd纳米粒子袁证明了 Pd/Ni 双金属催化剂是可选的直接甲酸燃料电池阳极催化剂.

双金属催化剂对甲酸氧化电催化活性和稳定性增强可能是 Ni原子的修饰改变了 Pd粒子表面配位不饱和原子的

电子结构所致.

关键词院甲酸氧化曰 电催化曰 Pd/Ni双金属曰 稳定性
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